ABSTRACT microRNAs (miRNAs) are small, functional, noncoding RNAs. miRNAs are transcribed as long primary transcripts (primary precursors) that are processed to the~75 nt precursors (pre-miRNAs) by the nuclear enzyme Drosha. The~22 nt mature miRNA is processed from the pre-miRNA by the RNase III Dicer. The vast majority of published studies to date have used northern blotting to detect the expression of miRNAs. We describe here a sensitive, high throughput, real-time PCR assay to monitor the expression of miRNA precursors. Genespeci®c primers and reverse transcriptase were used to convert the primary precursors and premiRNAs to cDNA. The expression of 23 miRNA precursors in six human cancer cell lines was assayed using the PCR assay. The miRNA precursors accumulated to different levels when compared with each other or when a single precursor is compared in the various cell lines. The precursor expression pro®le of three miRNAs determined by the PCR assay was identical to the mature miRNA expression pro®le determined by northern blotting. We propose that the PCR assay may be scaled up to include all of the 150+ known human miRNA genes and can easily be adaptable to other organisms such as plants, Caenorhabditis elegans and Drosophila.
INTRODUCTION microRNAs (miRNAs) are the smallest, functional, noncoding RNAs of plants and animals (1, 2) . Mature miRNAs arẽ 22 nt in length and are cleaved from the~75 nt partially duplexed precursor by the RNase III Dicer (3±5). The founding members of this class of genes, lin-4 and let-7, are expressed temporally during development of Caenorhabditis elegans (6±9). lin-4 and let-7 recognize partially complementary sequences within the 3¢-untranslated regions of their respective target genes (lin-14, lin-28, hbl-2 and lin-41). Binding of the miRNA to the mRNA results in translational repression of the protein-coding genes (10, 11) .
miRNAs have been found in C.elegans, Drosophila, plants, mice and humans, suggesting an ancient and widespread role for these non-coding RNAs (12±18). To date, over 700 miRNAs have been discovered, including 106 in C.elegans, 175 in humans and 202 in mice (19) . An algorithm termed miRscan was developed to predict the number of miRNAs in a genome based upon the phylogenetically conserved foldback structure of the miRNA (20, 21) . miRscan predicts the total number of miRNAs in the human genome to be 200±255, or 1% of the predicted genes in humans (21) .
In addition to regulating development in C.elegans (6± 9,17), miRNAs have been shown to negatively regulate the proapoptotic gene hid during Drosophila development (22) . Two human miRNAs (miR-15a and miR-16) have been mapped to the region 13q14 that is commonly deleted in chronic lymphocytic leukemia (CLL). The expression of miR15a and miR-16 was reduced in CLL patients with loss of heterozygosity at 13q14 (23) . With the exception of the aforementioned studies and a few others in Drosophila (22, 24) , plants (25, 26) and humans (14, 23) , very little is known about the targets, function and expression levels of miRNAs.
Most of the miRNA expression data published to date have used northern blotting to detect the miRNA. Northern blotting as a tool to study gene expression is ®nding less and less use due to the development of more sensitive (e.g. RT±PCR) and high-throughput (e.g. real-time PCR and cDNA micro-array) techniques. An advantage of northern blotting is that it allows one to determine the size of an RNA at the same time that it provides information on the expression level. Probes designed to hybridize to the mature miRNA detected the~22 nt mature miRNA and the~75 nt pre-miRNA simultaneously on the blot (14, 17, 18, 23, 27, 28) . Since miRNAs are very different from more traditional RNAs, new and different methods are needed to quantify their expression. The goal of this report was to develop, validate and test a high-throughput, real-time PCR method to quantify human miRNA precursors.
MATERIALS AND METHODS

Cell lines and tissue culture
The following human tumor cell lines were obtained from American Type Culture Collection (Manassas, VA). K-562 (chronic myelogenous leukemia), HL-60 (promyelocytic leukemia), LNCaP (prostate cancer), HeLa (cervical adenocarcinoma), HCT-8 (colorectal cancer) and HCT-116 (colorectal cancer). S2 Drosophila cells were purchased from Invitrogen (Carlsbad, CA). All cancer cell lines were cultured *To whom correspondence should be addressed. Tel: +1 614 292 3456; Fax: +1 614 292 7766; Email: Schmittgen.2@osu.edu in a humidi®ed atmosphere of 95% air, 5% CO 2 using RPMI 1640 or other suitable media and 10% fetal bovine serum. S2 cells were cultured at room temperature according to Invitrogen's protocol.
RNA, DNA extraction and reverse transcription
Total RNA was extracted from the cultured cells using Trizol (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. The concentration of total RNA was quanti®ed by the absorbance at 260 nm. Total RNA was brie¯y exposed to RNase-free DNase I as previously described (29) . RNA was reverse transcribed to cDNA using either random hexamers or gene-speci®c primers and Thermoscript, thermostable reverse transcriptase (Invitrogen). A 1 mg aliquot of DNase-treated total RNA (10.5 ml total volume) was incubated with 1.5 ml of a cocktail containing 10 mM of each of the antisense primers listed in the Supplementary Material available at NAR Online. The reaction was heated to 80°C for 5 min to denature the RNA, then incubated for 5 min at 60°C to anneal the primers. The reactions were cooled to room temperature and the remaining reagents [5Q buffer, dNTPs, dithiothreitol (DTT), RNase inhibitor, Thermoscript] were added as speci®ed in the Thermoscript protocol and the reaction proceeded for 45 min at 60°C. Finally, the reverse transcriptase was inactivated by a 5 min incubation at 85°C. For the random hexamer-primed cDNA, RNA plus 0.25 ml of random primers (Invitrogen) was denatured at 80°C for 5 min and cooled to room temperature for 10 min to allow the hexamers to anneal. The additional reagents were then added and the reaction proceeded as described above. The minus reverse transcription controls were treated identically as described above except that the reactions lacked Thermoscript and primers. Genomic DNA was isolated from HeLa cells as previously described (30) .
Gene expression in low molecular weight RNA fraction Total RNA was isolated from HCT-116 cells using Trizol. A 700 mg aliquot of total RNA was loaded to the Midi RNA isolation column (Qiagen, Valencia, CA). Isolation of low molecular weight (LMW) RNA (~160 nt and less) was achieved following the manufacturer's protocol, including eluting the LMW RNA using buffer QRW2 [750 mM NaCl, 50 mM MOPS, pH 7.0, 15% (v/v) ethanol]. Total and LMW RNA were resolved on a denaturing 15% polyacrylamide gel to validate the isolation. A 1 mg aliquot of the LMW and total RNA was reverse transcribed to cDNA using Thermoscript and random hexamers or gene-speci®c primers as described above. The cDNA was assayed by real-time PCR using primers for six different miRNA genes and U6 RNA.
Northern blotting
Northern blotting was performed as previously reported (17) . Brie¯y, total RNA (30 mg) was resolved on 15% polyacrylamide±urea gels and transferred to Genescreen Plus membranes (Perkin Elmer, Boston, MA). Oligonucleotides complementary to the mature miRNA were end-labeled with [g-32 P]ATP and T4 kinase. The membranes were incubated with labeled probe (1.5 Q 10 6 c.p.m./ml hybridization buffer) prior to visualization using phosphorimaging. Blots were stripped once and re-probed using an oligonucleotide complementary to U6 RNA.
Primer design, PCR and validation
All primers were designed using Primer Express version 2.0 (Applied Biosystems, Foster City, CA). The following criteria were used during the primer design. Both sense and antisense primers were designed to be located within the hairpin sequence of the miRNA precursors (Fig. 1) . The pre-miRNA sequences (19) are predicted based upon the fold-back structure (31) . The exact sequence for each pre-miRNA is unknown. Mapping the 5¢ and 3¢ cleavage sites of miR-30a demonstrated that the termini of pre-miR-30a are identical to those of mature 30a and 30a* (32) . It was presumed here that all pre-miRNAs are processed from the pri-miRNA in this manner. A maximal extension of 4 nt was allowed for each primer over the presumed 5¢ or 3¢ termini of the pre-miRNA. Since the hairpin is contained within both the pri-miRNA and the pre-miRNA, primers designed to the hairpin should simultaneously amplify both RNAs. We use the term miRNA precursors' here to be inclusive of both the primiRNA and the pre-miRNA. Primers were designed with a maximal T m difference between both primers of`2°C and a primer length between 18 and 24 nt. An ideal T m of 55±59°C was selected for the primers; however, due to size constraints, some primers were designed with a T m that was <55°C. The T m range of all the pre-miRNA primers was 49±59°C, and the median T m was 56°C (Supplementary Material). Additional criteria included no 3¢ GC clamps, and a minimal amplicon size of 55 bp.
PCR amplicons were validated using gel electrophoresis (2.2% agarose or 15% polyacrylamide) and by the presence of Figure 1 . miRNA processing and primer design. miRNAs such as human miR-18 are transcribed as (A) a large primary precursor (pri-miRNA) that is processed by the nuclear enzyme Drosha to produce (B) the putative 62 nt precursor miRNA (pre-miRNA). Both the pri-miRNA and pre-miRNA contain the hairpin structure. The underlined portion of the pre-miRNA represents the sequence of (C) the 22 nt mature miRNA that is processed from the pre-miRNA by the RNase Dicer. Green, hybridization sequence of the forward primer; red, hybridization sequence of the reverse primer; blue, sense primer used along with the reverse (red) primer to amplify the pri-miRNA only. one peak on the thermal dissociation curve generated by the thermal denaturing protocol that followed each real-time PCR run (29) . The sequences of the miRNA precursor amplicons were determined by subcloning the PCR product generated by amplifying HeLa cell cDNA into TOPO TA cloning vectors (Invitrogen) according to the manufacturer's protocol. Plasmid puri®cation and automated DNA sequencing of the plasmids were performed using standard techniques.
Real-time quantitative PCR
Real-time quantitative PCR was performed using standard protocols on an Applied Biosystem's 7900HT Sequence Detection System. Brie¯y, 5 ml of a 1/100 dilution of cDNA in water was added to 12.5 ml of the 2Q SYBR green PCR master mix (Applied Biosystems), 800 nM of each primer and water to 25 ml. The reactions were ampli®ed for 15 s at 95°C and 1 min at 60°C for 40 cycles. The thermal denaturation protocol was run at the end of the PCR to determine the number of products that were present in the reaction (29) . All reactions were run in triplicate and included no template and no reverse transcription controls for each gene. The cycle number at which the reaction crossed an arbitrarily placed threshold (C T ) was determined for each gene, and the relative amount of each miRNA to U6 RNA was described using the equation 2 ±DC T where DC T = (C TmiRNA ± C TU6RNA ) (33) . Relative gene expression was multiplied by 10 6 in order to simplify the presentation of the data.
Quanti®cation of pri-and pre-miRNAs PCR using the hairpin primers ( Fig. 1) should amplify both the pri-miRNA and pre-miRNA. To amplify only the pri-miRNA, the antisense primer to the hairpin was used along with a new sense primer that was designed to anneal to~100 nt 5¢ of the pre-miRNA (Fig. 1) . PCR using the hairpin primers (red/ green, Fig. 1 ) should amplify the pri-miRNA + pre-miRNA, and PCR using the upstream primer along with the antisense hairpin primer (blue/red, Fig. 1 ) should amplify only the primiRNA. The amount of pre-miRNA was calculated using the equation:
Calculation of PCR ef®ciency
PCR ef®ciency was determined as previously described (34) from the equation N = N 0 Q E n , where N is the number of ampli®ed molecules, N 0 is the initial number of molecules, n is the number of PCR cycles and E is the ef®ciency, which is ideally 2. When the equation is of the form n = ±(1/log E) Q log N 0 + (logN/log E), a plot of log copy number versus C T yields a straight line with a slope = ±(1/log E) (34). To experimentally determine PCR ef®ciency, 10-fold dilutions of HeLa cell genomic DNA were diluted over 4-logs. The diluted genomic DNA was ampli®ed by real-time PCR using the identical conditions established for the gene expression analysis. Plots were made of the log of the template concentration versus the C T and the PCR ef®ciency was calculated from the slope of the line using the equation described above. The actual concentration of the template is not needed when determining the ef®ciency as it depends only upon the slope of the line.
Treeview analysis of PCR data
The expression of each miRNA relative to U6 RNA was converted to pseudocolors and plotted using the Treeview cluster analysis as previously reported (35±37). Expression that had a value equal to 1 was designated black, expression that was greater than 1 was designated red, and expression that was less than 1 was designated green. Genes with undetectable expression were designated as gray.
RESULTS
Validation of PCR primers
To amplify the miRNA precursors, PCR primers were designed to anneal to the hairpin (Fig. 1) . Ampli®cation of short hairpins by the PCR could present a challenge because of the competition between annealing of the primer and reformation of the hairpin. Primers were designed to 23 different premiRNA genes using the criteria described in Materials and Methods. Shown in Figure 2 are the products from amplifying HeLa cell genomic DNA using six of the miRNA precursor primers. All six reactions produced amplicons of the expected size with no additional products. All of the primer pairs listed in the Supplementary Material met the criteria of one peak on the thermal dissociation curve and a single band of the correct size on either agarose or polyacrylamide gels. As a further validation, the amplicon from pre-miR-147 was subcloned and sequenced. Comparison of the sequence data veri®ed that 100% of the new sequence was ampli®ed. These results demonstrate our ability to successfully amplify short hairpins using the PCR.
Validation of reverse transcription conditions
Our initial attempts to reverse-transcribe total RNA used random hexamer priming. Real-time PCR of the resulting cDNA using the primers listed in the Supplementary Material produced varied PCR signals in the cell lines tested, i.e. miRNA precursors were expressed at high, intermediate and low levels (data not shown). It later occurred to us that it may be very dif®cult to prime the pre-miRNA with random hexamers. This is because pre-miRNAs are very short (<80 nt) and the stoichiometry of primer annealing should be much less than that of a primer binding to a larger RNA such as mRNA. Furthermore, a competition exists between the annealing of the random primers to the pre-miRNA and hairpin formation, which is compounded by the low temperatures (25°C) at which random primers are typically annealed. We hypothesized that the PCR signal generated from amplifying cDNA primed with random hexamers was due to amplifying the much longer pri-miRNA and not the pre-miRNA. To test this hypothesis, a LMW RNA fraction was isolated from total RNA. The LMW RNA fraction contains RNA <160 nt and should separate the pre-miRNA (~75 nt) from the larger pri-miRNA. Denaturing polyacrylamide gel electrophoresis veri®ed that RNA <160 nt was recovered in the LMW fraction (not shown). Both the LMW and total RNA were primed with random hexamers or gene-speci®c primers and reverse transcribed using the Thermoscript reverse transcriptase.
In order to determine the effectiveness of priming the reverse transcriptions, real-time PCR was performed on the cDNA using primers for two miRNAs (let7d and miR-15a) as well as U6 RNA. Total RNA primed with random hexamers produced less cDNA compared with total RNA primed with gene-speci®c primers (Fig. 3) . More LMW RNA was converted to cDNA when primed with gene-speci®c primers compared with random hexamers (Fig. 3) . Even for the 106 nt U6 RNA that does not contain any hairpins, higher yields of cDNA were achieved using the gene-speci®c priming compared with random hexamers (Fig. 3B) . We conclude that reverse transcription proceeds through secondary structure such as hairpins if priming occurs at some point upstream of the hairpin. However, to prime short RNA molecules, in particular small RNAs containing hairpins, gene-speci®c primers and not random primers should be used.
Intra-assay variation
To evaluate the intra-assay variation of the real-time PCR assay,¯asks of HeLa, HCT-116 and HL-60 cells were cultured in triplicate. Total RNA was isolated from the cultures. A 1 mg aliquot of the total RNA was converted to cDNA as described in Materials and Methods. The relative expression of the precursors for miR-18, -107 and -29 was determined using the real-time PCR assay. The mean, standard deviation and coef®cient of variation from the triplicate RNA isolations/ reverse transcription are shown in Table 1 . The coef®cient of variation among the different genes and cell lines was quite low, ranging from 1.8 to 34.5%.
Real-time PCR of miRNA precursors
An important issue for quantitative PCR is that the ef®ciency of ampli®cation for each gene in the study (including the Figure 3 . Optimal reverse transcription conditions for small RNAs. Total RNA was isolated from HCT-116 cells, a fraction of which was further puri®ed to contain a low molecular weight (LMW) fraction of <160 nt. A 1 mg aliquot of total or LMW RNA was converted to cDNA using Thermoscript reverse transcriptase and random hexamers (open bars) or gene-speci®c primers (striped bars). The resulting cDNA was ampli®ed by real-time PCR using primers for (A) let7d, miR-15a or (B) U6 RNA. Mean T SD, triplicate PCRs from a single cDNA. internal control) should be very similar and be close to the ideal value of 2. Although amplicon lengths were very similar and all the miRNA genes contained the hairpin, large differences in the T m existed among the primers (Supplementary Material). PCR ef®ciency was determined on the U6 RNA as well as six miRNA genes, two with a low T m (49±53°C), two with an intermediate T m (55±56°C) and two with a higher T m (58±59°C). The ef®ciency of all seven genes was very similar and was close to the ideal value of 2 ( Table 2 ). There was no trend of altered ef®ciency with T m in these genes. The cDNAs of K-562, HL-60, LNCaP, HeLa, HCT-8, HCT-116 and Drosophila S2 cells were ampli®ed by the PCR using primers for 23 miRNA precursors. Moderate to strong PCR signals were generated when cDNA was used as a template for most of the miRNA precursor primers. PCR amplicons were not generated from the S2 cDNA, or in the no template or no reverse transcription controls. In the cases where expression of the miRNA genes was very low (C T b35), the primers were validated on HeLa cell genomic DNA. This was done in order to determine if the weak signal generated by amplifying cDNA was due to the primers not working or to the lack of template in the cDNA (i.e. the gene was not expressed).
The reproducibility of real-time PCR tends to become worse when very low copies of template are ampli®ed. For this reason, the following criteria were used to calculate the mean relative gene expression and to distinguish between low and undetectable expression. If three out of three PCRs were above the threshold after 40 cycles and the thermal dissociation pro®les of all three reactions matched, the C T of all three plots was used in the relative expression calculation. If two out of three PCRs were above the threshold after 40 cycles and the thermal dissociation plots of the two reactions matched, then the PCR that was below threshold was discarded and the mean of the remaining two was used in the relative expression calculation. If only one or no PCRs out of the three were above threshold after 40 cycles, then the expression of the gene was classi®ed as`undetectable'.
Representative real-time ampli®cation plots of the premiRNA are shown in Figure 4 . Shown are the PCR plots for miR-21 and let-7d in HCT-8 cDNA (Fig. 4A) . Strong signals were generated for both genes when cDNA template was ampli®ed, but not on the no template or no reverse transcription controls. The thermal dissociation curves generated at the end of the real-time PCR run demonstrates that the miR-21 and let-7d primers ampli®ed a single product that was different from the products generated on the negative controls (Fig. 4B) . Figure 4 demonstrates how the dissociation curves may be used to distinguish true PCR amplicons from the noise that is often generated by amplifying no template controls or low copies of template.
Quanti®cation of pri-miRNA and pre-miRNA All of the miRNA primers listed in the Supplementary Material were designed to anneal to the hairpin of the miRNA precursors (Fig. 1) . Since the pre-miRNA is contained within the sequence of the pri-miRNA, it is impossible to perform PCR on the pre-miRNA without amplifying the pri-miRNA as well. Our focus is to quantify the miRNA precursors; quantifying the pri-miRNA and pre-miRNA individually was beyond the scope of the present study. To demonstrate that it is possible to use real-time PCR to quantify the primiRNA and the pre-miRNA individually, and to further demonstrate that the assay measures both transcripts, a sense primer (5¢ GGGCTTTAAAGTGCAGGG 3¢) was designed to the pri-miR-18 (Fig. 1) . This primer along with the antisense primer for miR-18 was used to amplify the pri-miR18. Realtime PCR was performed on the cDNA from the six cancer cell lines using primers for the miR-18 precursors and the pri-miR-18.
The C T generated from the miR-18 precursors was slightly lower than the C T for the pri-miR-18 (Fig. 5A) . Differences in one C T unit in real-time PCR data are typical when detecting a 2-fold difference in template. The amount of pre-miRNA was calculated as described in Materials and Methods. The relative amounts of pre-miR-18, pri-miR-18 and total precursors (primiR-18 + pre-miR-18) were determined in each of the six cancer cell lines (Fig. 5B) . While more of the miR-18 precursors were expressed in K562 cells, the relative amounts of pri-miR-18 and pre-miR-18 are approximately equal in all six cell lines. This demonstrates that each pri-miRNA is processed to one pre-miRNA molecule and shows that there is no regulation of Drosha processing for miR-18 in these cell lines.
miRNA precursor expression in human cancer cell lines
The relative expression of 23 miRNA precursors was determined in six human cancer cell lines. Expression data on four miRNA precursor genes are shown in Figure 6 . The expression of miR-93-1 in the HCT-116 colorectal cancer cell line was 50-fold higher than in the HCT-8 colorectal cancer cell line (Fig 6A) . miR-24-2 was expressed at relatively constant levels in all of the cell lines except in HeLa cells, which expressed between 5-and 10-fold higher levels (Fig. 6C) . The colorectal cancer cell lines and HeLa cells expressed higher levels of miR-29 and miR-147 compared with the blood cancers and prostate cancer cell lines (Fig. 6B and D) . The expression of the 23 miRNA precursors varied within a particular cell type such as HCT-116 (Fig. 7) . The difference in expression of the miRNA precursors varied >4000-fold within this cell line. miR-21 had the highest level of expression and miR-30a the lowest level. The expression of four miRNAs (miR-20, -28, -33 and -216) was undectectable in HCT-116 cells.
The relative expression of the miRNA precursors was presented using the Treeview algorithm (Fig. 8) . This allowed visualization of large amounts of data in a single ®gure. The relative gene expression values were multiplied by 10 6 . Median expression was set equal to the value of 1 and was indicated by the color black (Fig. 8) . Increased (red), decreased (green) and no expression (gray) were plotted 
Validation of real-time PCR results with northern blotting
Northern blotting is currently the established method to monitor miRNA expression. In order to validate our real-time PCR data, northern blotting was performed on the total RNA from three different cells lines using probes for miR-29, -21 and -224. miRNAs were selected that demonstrated high expression by our PCR assay and that had diverse expression among the cell lines. The trend in expression between the mature miRNAs as detected by northern blotting and the miRNA precursors as detected by PCR was identical (Fig. 9) . The pre-miRNA was visible by northern blotting only for miR-21 (HeLa and HCT-116) and miR-224 (HeLa). While strong ampli®cation was generated on miR-29 (HCT-116), no pre-miRNA band was visible by northern blotting. We were unable to detect any miRNA (mature or precursor) using a probe for miR-220. While northern blots were attempted using probes for only four miRNAs, the lower limit of detection by northern blotting was a relative expression value of 0.25 Q 10 6 by the PCR assay. This suggests that most of the miRNAs labeled as green in Figure 8 would be undetectable by northern blotting in our hands and substantiates the enhanced sensitivity of the PCR compared with northern blotting.
DISCUSSION
New methods are needed to monitor the expression of miRNAs. Northern blotting has been used successfully to detect both the mature and pre-miRNAs (7, 14, 18, 23, 27) . Primer extension was also effectively used to detect the mature miRNA (38) . Disadvantages of gel-based assays (northern blotting, primer extension, RNase protection assays, etc.) as tools for monitoring gene expression include low throughput and poor sensitivity. cDNA micro-arrays would appear to be a good alternative to northern blotting to quantify miRNAs since micro-arrays have excellent throughput. Disadvantages of micro-arrays include high concentrations of input target for ef®cient hybridization and signal generation, poor sensitivity for rare targets, and the necessity for post-array validation using more sensitive assays such as realtime PCR. A recent report used cDNA micro-arrays to monitor the expression of miRNAs during neuronal development (39) . A 5±10 mg aliquot of total RNA was used for these arrays in which the mature miRNA was separated from the miRNA precursors using micro concentrators. A PCR approach has also been used to determine the expression levels of mature miRNAs (20, 40) . This method, while useful to clone miRNAs, is impractical for routine gene expression studies since it involves gel isolation of small RNAs and ligation to linker oligonucleotides.
As an alternative to northern blotting, we developed a realtime PCR assay to quantify the expression of the miRNA precursors. The short hairpins of 23 of 29 genes attempted were successfully converted to cDNA and ampli®ed using standard real-time PCR methods. For this reason, we believe that the assay may be expanded to include most of the >150 known human miRNA precursors and could eventually include all of the predicted 200±250 human miRNA genes once discovered (21) . This assay should easily be adaptable to other organisms such as plants, C.elegans and Drosophila. The Applied Biosystems 7900HT sequence detection system used here was equipped with a 96-well block. This instrument is adaptable to a 384-well block that would increase the assay throughput by 4-fold. Therefore, the assay described here could rival the throughput of micro-arrays and could be advantageous compared with micro-arrays due to the increased sensitivity of the PCR. Sensitive PCR assays coupled with methods to capture individual cells such as laser-assisted microdissection can be used to study the cell type regulation/expression of miRNAs in individual cell types.
Presentation of quantitative PCR data using red/green pseudocolors is a relatively recent phenomenon. The only investigator to our knowledge to organize real-time PCR data in such a manner is Dittmer during the development of a genome-wide assay for all of the open reading frames of the Kaposi's sarcoma herpesvirus (35, 36) . It is practical to generate and present gene expression data in this manner only if the number of genes of interest in relatively small (<500). However, if the number of genes is relatively small (such as miRNAs), then presentation of real-time PCR data in this manner accomplishes the same result as micro-arrays, including (i) high-throughput analysis of gene expression and (ii) presentation of large amounts of data as pseudocolors to visualize differences in expression levels.
Pre-miRNA is processed to the~22 nt mature miRNA by Dicer-like enzymes in all species in which miRNAs have been identi®ed (2, 4, 5, 8, 25) . The method described here provides quantitative data on the miRNA precursors only and not on the mature miRNA. Using a transcriptional fusion of the let-7 promoter to gfp, it was shown that let-7 is temporally regulated by transcription and not by processing of the pre-miRNA or stability of the mature miRNA (41) . In CLL patients and cancer cell lines, 23 of 60 samples showed the~70 nt miR-15a precursor that was not found in any normal tissues except bone marrow (23) . The expression of Dicer was relatively constant in these patients, suggesting inef®cient processing of the miRNAs in some CLL patients that was not related to Dicer expression (23) . The precursors of 26 miRNAs were equally expressed in non-cancerous and cancerous colorectal tissue from patients (42) . However, the expression of mature miR-143 and -145 (but not the other 24 miRNAs) was greatly reduced in cancerous tissue compared with non-cancerous tissue, again suggesting altered processing for speci®c miRNAs in human disease.
We demonstrate here that the expression of three miRNA precursors measured by the PCR assay (miR-21, -29 and -224) paralleled the expression of the mature miRNAs from northern blots. In order to fully characterize the expression of large numbers of miRNAs, it may be necessary to quantify both the mature and miRNA precursors using sensitive assays such as the PCR. A major challenge in measuring the mature miRNA using RT±PCR is the small size of the mature miRNA (~22 nt). There may be situations (such as in normal development) in which processing or stability of the miRNA is not regulated and the expression of the miRNA precursors re¯ects the levels of the active, mature miRNA. There may exist other circumstances (such as in human disease) where alterations in miRNA biogenesis produce levels of mature miRNA that are very different from those of the pre-miRNA. In the former situation, sensitive PCR assays such as the one described here could be used to measure the miRNA precursor as a means to predict the levels of mature miRNA, while in the latter situation, sensitive assays will be necessary to measure the mature miRNA. We are currently working on PCR assays to amplify and quantify mature miRNAs and studying the relationship between the levels of precursor and mature miRNAs in normal development and in human diseases such as cancer.
